A mechanism for the formation of nonpropagating fatigue cracks ahead of a notch root is presented. The stress gradients near the elongated notch root along with the propagation of short crack and the resulting nonpropagating crack lengths npc are estimated. The local stress which is higher than the unnotched material fatigue limit 0 initiates the crack from a notch root and local steep stress gradient as a very important element leads to the nonpropagating crack. The value of npc depends on the material properties, and specimen geometry as well as applied loading. The characteristic size of the short crack 0 which depends on the material properties associates with the fatigue stress concentration factor . The estimated values of npc are in fairly good agreement with the experimental values available.
Introduction
The nonpropagating fatigue cracks have been reported during the past decades and many theories have been employed to justify the observations on nonpropagating cracks [1] [2] [3] [4] . As a particular type of short crack, the mechanisms of the nonpropagating crack behavior must be deeply understood because when the cracks are regarded to be stopped, then the same loading will not cause a further propagation, and the cracked engineering components can be able to remain in service. Nonpropagating cracks normally occur at the bottom of the sharp notches and the length of these cracks depends not only on the applied stress range but also on the material properties and specimen geometry.
In the early works of Frost and Dugdale [5] published in 1957, a series of experiments have been performed with the mild-steel plate specimens which contain double-edge notches. According to their findings, stress concentration factor can be associated with the relatively fast generation of tiny nonpropagating fatigue cracks at notch roots, if is bigger than 3. Further, it must be noted that the stress amplitude below which the nonpropagating cracks are formed is independent of . However, at that time, no explanation of these experimental findings was offered. Therefore, several mechanisms about the nonpropagating crack have been proposed for their formation. Smith and Miller [6, 7] have considered that the plastic stress-strain field of notch can affect the fatigue crack growth rates which are initially high but fall off with augmentation of crack length as the crack grows away from the plastic zone field by the notch. Consequently, the nonpropagating cracks occurred if the applied stress level was insufficient to make the cracks propagate out of the notch field. The maximum stress range required to give rise to the nonpropagating crack has been given by the following equation:
Hammouda and Miller [8] have researched the notch root plasticity which can increase the growth rates of the short cracks and the nonpropagating crack length was proposed to be equal to the depth of the notch plastic field. Nonpropagating cracks have also been attributed to the residual stresses and to the interaction between the crack and microstructural barriers of material, respectively, in [9, 10] . Indeed, the local stress concentration usually occurs at the root of the notch in a structure and the fatigue cracks often start at this location. In some cases, especially for the shallow notches, cracks may start under cyclic loading and then stop or become nonpropagating due to the significant stress gradient.
In this paper, we have presented an analytical approach to estimate quantitatively the variation of the local stress and stress gradient near the root of shallow notch. Our innovation is that an improved model is proposed to estimate the behavior of nonpropagating crack based on the originality that the fatigue stress concentration value reduces from the static stress concentration factor to the fatigue stress concentration factor along with the propagation of short cracks. The proposed method can be utilized in developing a simple model for the quantification of npc and . The derived nominal stress and the nonpropagating crack size have been experimentally verified by several specimens of different materials in the literatures.
Materials and Methods

Stress Gradient Near the Sharp Notch.
The stress concentration is usually caused by geometrical discontinuity or heterogeneity of microstructure which involves an appearance of the maximum stress compared to the calculated median values based on the smooth section. In mechanical design, one attaches rather importance to the high stress fields which arise in the majority of the industrial components (shoulder, holes, fillets, etc.). The stress concentrations can be regarded as the origin of the fatigue cracks or the unstable ruptures. They bring out also the local plasticization, which often plays a beneficial function by redistributing the stress if they remain limited and thus their concentration is decreased when the residual stresses are compressive.
We place ourselves here in the investigation of the stress concentrations due to the geometry imposed by the industrial design. The notch effect is modeled by an increase of the local stress in a restricted volume, compared to the distribution of nominal stress. However, the concept of stress gradient can be generalized with any cross section of a specimen or with any volume element of a mechanical component. Therefore, for a plate containing cracks at the bottom of an elliptic notch as shown in Figure 1 , the stress , which acts in the remaining ligament of an infinite plate with an elliptic hole, is given by (2) at the point ( ≥ , 0) (see [12] ). Consider
The / can be defined as the stress concentration factor in the presence of short crack . Thus, the gradient of at the bottom of notch (at the edge of the elliptic hole) is given by the following equation:
The stress gradient increases with the increase of and/or the reduction of , where = 1 + 2√ / , according to [13] . In [14] , the crack repair method by drilling a stop-hole at the crack tip has been considered, and the existence of the semielliptic crack by integrating the mechanical notch, the fatigue crack, and the hole was assumed. The radii of the notch root in our study correspond to the radii of the stophole in carried out for the crack repair ( = 1, 2.5 and 3 mm).
In this paper, we analyze five different configurations with the same dimension of elliptic notch = 27.5 mm (see Table 1 ), two radii values of which are tested on a purely comparative basis ( = 0.5 and 27.5 mm), which correspond to the critical value of the elliptic notch.
The high = / in the presence of a short crack is always localized close to the edges of the hole according to the curves of Figure 2 . In fact, in the case of an elliptic notch ( > ), the ratio of the stress ( ) along the remaining ligament and the nominal stress , that is, , is roughly equal to 3 for the distance = 1.1 . This ratio falls to a value of 2 independently of the radius when reaches approximately 1.2 . Equation (3) enables us to quantify the influence of the stress gradient on the variation of the according to / . 
concentration
= / (in the presence of a crack) with respect to the distance away from the edge of the notch. The reduction of / is practically linear and not very sensitive to the value of . The ratio decreases steeply from 1 for a point located at the end of the notch to 0.9 for a point which is very close to the crack length = /20. This rather high stress gradient can cause an initiation of the fatigue short crack, even in the case of a nominal stress lower than the yield stress. In the next section, the behavior of short crack will be discussed.
Short Crack Behavior.
It is well-known that the long cracks, under a constant load ratio , will propagate if the value of Δ is higher than the threshold of propagation Δ th , where Δ is determined by the following expression:
But in the case of the short cracks ( ≅ 0), the propagation must be formed with an intrinsically different manner, as (4) implies Δ → ∞ when Δ ( → 0, ) > Δ th ( ), which is a physical impossibility. This paradox has been circumvented by El Hadad et al. [1] and developed by Yu et al. [15] , by supposing that the value of Δ used to describe the propagation of the fatigue cracks includes a characteristic size of short crack 0 :
Herein, Δ 0 = 2 0 ( ), where 0 ( ) is the fatigue limit of the material and Δ 0 = Δ th (0) is the propagation threshold of a crack whose length ≫ 0 with a load ratio of = 0. Equation (5) provides that there exists a stress Δ > 2 0 ( ) being able to start and propagate a fatigue crack and that a small crack ≪ 0 cannot be propagated if Δ < Δ 0 . These equations reproduce the Kitagawa and Takahashi plot trend [16] as shown in Figure 4 , one of the most used tools to qualitatively understand the behavior of short cracks. The dividing line may be considered to be the bounding condition between (a) growth to failure and (b) no growth of cracks or nonpropagating cracks in a given material.
In most cases, the geometry factor used in (5) already includes the effects of the notch root stress concentration factor, defining Δ instead of Δ as the nominal stress.
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To avoid the possible confusion, the geometry factor which includes the stress concentration effect is proposed by Meggiolaro et al. [12] to divide into two factors ( ) and , where the former includes the stress concentration effect, which can be regarded as , while the latter only encompasses the remaining terms, such as the free surface correction. Consider
Note that ( ) does not appear in the expression of 0 , because, for very small cracks ( → 0), the notch root stress range ( ) ⋅ Δ should be equal to and replaced by Δ 0 . The closure effect is not taken into consideration since this effect is less pronounced for short crack produced at sharp notches. Moreover, the ( ) tends to the notch root stress concentration factor as the crack length tends to zero, with ( → 0) → . So the redistribution of the stress near the crack tip along with the propagation of short crack can be obtained by (7) . Consider
The formulas of the ( ) can be properly obtained in the literatures [17] . Compared to the Kitagawa diagram, if the elongated notch could produce a high at the notch root, crack will start even under the low nominal stress, and if the redistributed stress near the notch root dives below the Kitagawa diagram, a nonpropagating crack will form at the notch root.
Therefore, the crack propagation criterion based on the functions ( , , Δ , Δ 0 , Δ 0 ) is proposed in (8) . Consider
The formation and length of nonpropagating fatigue cracks can be explained from the function ( , , Δ , Δ 0 , Δ 0 ) with respect to / illustrated in Figure 5 with five possible solutions.
(a) When the function is always positive, then a crack of any length will propagate. And the function obtained from a high nominal stress Δ = 25 MPa and small notch root radius = 1 mm is shown in Figure 5 (a). This phenomenon occurs on condition that
(b) When the function is always negative, then no crack will start or propagate, as shown in the Figure 5(b) . In this case, the Δ is small enough and the is relatively big compared to the former case. This phenomenon occurs provided that
(c) As illustrated in Figure 5(c) , the function , with Δ = 15 MPa and = 1mm, has only one intersection point with the abscissa. This means that such stress levels cause a crack to start at the notch. However, it cannot propagate until rupture. Therefore, nonpropagating cracks will appear at the notch root. The condition is that
(d) Similar to the case (c), Figure 5 (d) illustrates the curve with Δ = 20 MPa and = 3.5 mm, which has two intersection points with the abscissa. In this case, nonpropagating cracks will also appear, with minimum sizes obtained from the first intersection point (on the left). Interestingly, the cracks longer than the value defined by the second intersection will restart propagating until fracture. That means that the nonpropagating crack length varies between the two intersections and it could be regarded as the nonpropagating crack tolerance. Moreover, the instability of nonpropagating crack length after the crack initiation could be caused by the dispersion of material properties. The condition is that
(e) Finally, in the fifth case, functions are above the abscissa but only have one intersection at = 0 , as illustrated in Figure 5 (e). This case is therefore associated with the smallest stress range Δ that can cause crack initiation and propagation without arrest. So, by definition, this specific Δ 0 /Δ is equal to the fatigue stress concentration factor . In other words, to obtain , it is necessary to make the function = 0 when = 0 , which is the largest nonpropagating flaw that can arise from fatigue alone. Given the notch dimension and properties of material, can be found from the following equation:
The condition is that
Advances in Materials Science and Engineering As a general rule, when a long notch is constituted by a relatively small notch root radius, it forms an elongated notch with a high . This notch is associated with steep stress gradient and the resulting propagation of short crack, which decreases the effect. This effect can be quantified by the so-called fatigue stress concentration factor , classically defined by Peterson [18] and Shigley et al. [19] :
Consequently, the cannot be well predicted by the classical Peterson recipe. Therefore, the model for predicting the must take into account the short crack propagation length, notch shape, and properties of materials. Moreover, the minimum nonpropagating crack length can be estimated with the help of (16) . Consider 
Results and Discussion
Nonpropagating crack lengths have been measured by several workers. Data were taken from Frost and Dugdale [5] and Tanaka and Nakai [11] and compared with the predictions derived above as shown in Table 2 . The information required for the model was (a) applied stress range, (b) fatigue limit, (c) threshold stress intensity factor range, and (d) specimen and notch geometry. In the data collected by Frost and Dugdale, mild-steel plate specimens with width of 63.5 mm and thickness of 7.6 mm, which contain double-edge notches, have been used. Three different root radii of the notches are 0.25 mm, 0.1 mm, and 0.051 mm, respectively. Tanaka and Nakai have used the low-carbon steel (JIS SM41B) and the specimens contain the center-notched plates whose width and thickness are 45 and 4 mm. The notch has a length of 6 mm and a tip radius of 0.16 mm.
The experimental results are in good agreement with the model for the two materials. In the present model, the minimum nonpropagating crack length npc is dependent upon the Δ , , Δ 0 , and Δ 0 . The depends upon not only the and but also the Δ 0 and Δ 0 . We can find that the stress concentration defined by the ( ) = / decreases with the propagation of short crack near the notch root and the minimum ( ) value which could produce a nonpropagating crack occurs when the short crack length arrives, 0 . According to the definition of , the value can be substituted by ( 0 ). The comparisons between the and (by Inglish method) have also been demonstrated in Table 2 .
Conclusions
As discussed in this paper, fatigue short crack growth from an elongated notch is highly influenced by the stress gradient near the notch root. A crack could be rather quickly started from a sharp notch due to the elevated stresses at the notch root. However, it may stop growing once the maximum stress near the crack tip drops below the Kitagawa curve which is regarded as the critical condition of the short crack propagation. This is because the stress concentration decreases resulting from the redistribution of the stress along with the short crack growth. Five different short crack growth cases are illustrated. Therefore, we can propose a simple method for the estimation of the , which is suggested to be the decreased stress concentration factor caused by the short crack propagation at sharp notches. By using this method, it is possible to accurately estimate the nonpropagating crack length npc or to predict the nominal stress range Δ which could produce the nonpropagating cracks. The predicted values fall in the range of the experimental results of the 
